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Vaccination is a major tool for mitigating the coronavirus disease 2019 (COVID-19) 
pandemic, and mRNA vaccines are central to the ongoing vaccination campaign 
that is undoubtedly saving thousands of lives. However, adverse effects (AEs) fol- 
lowing vaccination have been noted which may relate to a proinflammatory action 
of the lipid nanoparticles used or the delivered mRNA (i.e., the vaccine formulation), 
as well as to the unique nature, expression pattern, binding profile, and proinflam- 
matory effects of the produced antigens - spike (S) protein and/or its subunits/ 
peptide fragments — in human tissues or organs. Current knowledge on this topic 
originates mostly from cell-based assays or from model organisms; further 
research on the cellular/molecular basis of the mRNA vaccine-induced AEs will 
therefore promise safety, maintain trust, and direct health policies. 


Fighting the COVID-19 pandemic with SARS-CoV-2 S protein-encoding mRNA 
vaccines 

COVID-19 is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Box 1) 
and has resulted in millions of deaths worldwide. Nevertheless, for the majority of SARS-CoV-2- 
infected individuals, COVID-19 will remain asymptomatic or only mildly symptomatic [1,2]. Although 
SARS-CoV-2 may also circulate in the gastrointestinal tract [3], being a respiratory virus, the virus 
itself or its related antigens will not, in most cases, impact tissues and organs other than the respi- 
ratory system (RS) (Box 1) [4-6]. In patients with severe disease, infection of airway and lung tissues 
may cause pneumonia and excessive inflammation which can lead to acute respiratory distress 
syndrome (ARDS) (see Glossary) (Box 1) [7-10]. ARDS may then lead to organ damage beyond 
the RS because of micro-/macro-thromboembolism, hyperinflammation, aberrant complement 
activation, or extended viremia [7-13]. This may be due to the broad expression of its receptor 
angiotensin-converting enzyme 2 (ACE2) in several cell types and tissues [14-16] which results 
in an expanding tropism of SARS-CoV-2 for various critical organs (heart, pancreas, kidneys, etc.). 
If systemic collapse and death are avoided, the postulated direct virus ‘attack’ — or indirect effects 
due to cytokine storm [10,13] or imbalance of the renin—angiotensin system (RAS) [13] — causing 
multiorgan damage, possibly foster systemic defects which cause a chronic condition (referred to as 
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long COVID-19) which is independently associated with the severity of the initial illness [17]. 


Following an unprecedented effort of biomedical research and mobilization of resources, two 
mRNA vaccines — namely BNT162b2 (Comirnaty™) from Pfizer-BioNTech and the mRNA-1273 
of Moderna (encoded antigen: SARS-CoV-2 S protein of the Wuhan-Hu-1 strain) [18-20] - were 
the first to receive FDA emergency use authorization. In MRNA vaccines, which are characterized 
by relatively rapid prototyping and manufacturing on a large scale, the S protein-encoding mRNA is 
delivered via lipid nanoparticles (LNPs) to human cells that produce the mature viral protein or 
related antigens (Figure 1, Key figure), which can exhibit a rather wide tissue/organ distribution 
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Box 1. SARS-CoV-2 infection of human cells 


SARS-CoV-2 infection of human cells proceeds via its binding to the cell surface protein ACE2 through the RBD of its 
protruding S glycoprotein [127] which remains in a metastable prefusion state through the association of subunits 1 
(S1) and 2 (S2) via noncovalent interactions [18,19]; the infection process is also facilitated by host proteases [127,128]. 
In most of SARS-CoV-2-infected carriers the virus is contained in the upper RS, resulting in either no symptoms or mild 
symptoms [1,2]. A minority will require hospitalization; this is due to severe symptoms which develop due to extensive 
inflammation, a process often referred to as a ‘cytokine storm’, causing ARDS which may be accompanied by viremia 
and can lead to systemic multiorgan collapse [7-10]. The risk for severe COVID-19 increases significantly with age or 
pre-existing comorbidities [1,2,129], and younger individuals have a substantially lower risk — even compared to influenza 
infection [129] — for developing severe COVID-19 [130,131]. It has been postulated that higher pediatric innate interferon 
responses restrict viral replication and disease progression [132]. In a recent trial, in which young people were intentionally 
exposed to alow dose of SARS-CoV-2, nearly half of the participants did not become infected, some were asymptomatic, 
and those who developed COVID-19 reported mild to moderate symptoms, including sore throats, runny noses, sneezing, 
and loss of sense of smell and taste; fever was less common, and no one developed a persistent cough [133]. 


SARS-CoV-2 infection in healthy individuals triggers innate as well as adaptive immune system responses, that is, CD4* 
and CD8* T cells and antibodies, including neutralizing antibodies (NAbs) produced by terminally differentiated B cells, 
which altogether suppress the extent of infection [132,134,135]. As SARS-CoV-2 initially infects the upper RS, defensive 
immune responses start to develop at respiratory mucosal surfaces, and this is followed by systemic immunity [136,137]. 
These immune responses are age- and gender-dependent and may either mount poorly in a background of genetic 
causes and pre-existing morbidities, or become very intense and essentially uncontrolled in severe disease leading to 
ARDS and systemic failure [11-13]. 


(discussed later) [20-22]. In addition to the plausible proinflammatory role of LNPs (evidenced also 
from reported immediate allergic reactions) [23,24] and of packaged mRNA —- which has nonethe- 
less been engineered by a replacement of uridine with pseudouridine [20,25,26] so as not to trigger 
innate immunity through pathogen-associated molecular patterns (PAMPs) or damage-associated 
molecular patterns (DAMPs) receptors — we surmise that vaccination-mediated adverse effects 
(AEs) can be attributed to the unique characteristics of the S protein itself (antigen) either due to 
molecular mimicry with human proteins or as an ACE2 ligand. 


As delivered mRNAs can theoretically trigger the production of distinct antigens that can distribute 
systemically [20], they are radically different from conventional platforms (i.e., inactivated whole- 
virus vaccines or even protein-subunit nanoparticle vaccines) (Box 2) where the produced antigen 
and its distribution are more predictable. As all COVID-19 vaccines rely on the S protein of the 
original Wuhan-Hu-1 strain [19,20], the differences across different vaccination platforms thus far 
reported (Box 2) may relate to the various vectors and formulations and/or the S protein constructs 
employed. 


Anti-SARS-CoV-2 mRNA vaccines and their reported adverse effects 

Both the BNT162b2 and mMRNA-1273 vaccines are administered intramuscularly and mobilize 
robust and likely durable innate, humoral, and cellular adaptive immune responses [27-30]. 
Existing data on the available mRNA vaccines are mostly limited to serological analyses. None- 
theless, beyond the assessment of immune responses, the understanding of the safety profile of 
these vaccines is critical to ensure safety, maintain trust, and inform policy. Reportedly, mRNA vac- 
cines are in general well tolerated, with very low frequencies of associated severe postimmunization 
AEs. Although rare, AEs include serious clinical manifestations such as acute myocardial infarction, 
Bell’s palsy, cerebral venous sinus thrombosis, Guillain-Barré syndrome, myocarditis/ 
pericarditis (mostly in younger ages), pulmonary embolism, stroke, thrombosis with thrombocyto- 
penia syndrome, lymphadenopathy, appendicitis, herpes zoster reactivation, neurological compli- 
cations, and autoimmunity (e.g., autoimmune hepatitis and autoimmune peripheral neuropathies 
[81-34]) (See Clinician’s corner). Apart from AEs documented in clinical trials, most of the 
syndromes or isolated manifestations have been reported in multicenter or even nationwide retro- 
spective observational studies and case series. Although correlation does not necessarily mean 
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causation, active monitoring and awareness regarding reported postvaccination AEs are essential. 
Importantly, these associated AEs are significantly less frequent than analogous or additional serious 
AEs induced after severe COVID-19 [31 ,32,34]. Some vaccine-induced AEs (e.g., myocardial infarc- 
tion, Guillain-Barré syndrome) were found to increase with age, while others (e.g., myocarditis, 
anaphylaxis, appendicitis) were more common in younger people [35,36]. Although myocarditis 
cases are rather rare, in a study of US military personnel the number was higher than expected 
among males after a second vaccine dose [37]; similarly, the rate of postvaccination cardiac AEs 
was higher in young boys following the second dose [88,39]. Finally, a recent study showed an 
increased risk of neurological complications in COVID-19 vaccine recipients (which was nevertheless 
lower than the risk in COVID-19 patients) [34]. The molecular basis of these AEs remains largely 
unknown. We postulate that, since most (if not all) of them are also apparent in severe COVID-19 
[31], they may be related to acute inflammation caused by both the virus and the vaccine, as well 
as in the common denominator between the virus and the vaccine, namely, the SARS-CoV-2 S 
protein (Box 1). The vaccine-encoded antigen (S protein) is stabilized in its prefusion form in the 
BNT162b2 and mRNA-1278 vaccines [19,20]; it is therefore plausible that, if entering the circulation 
and distributing systemically throughout the human body (Figure 2), it can contribute to these AEs in 
susceptible individuals. 


There is also evidence that ionizable lipids within LNPs can trigger proinflammatory responses by 
activating Toll-like receptors (TLRs) [40]. A recent report showed that LNPs used in preclinical 
nucleoside-modified mRNA vaccine studies are (independently of the delivery route) highly inflam- 
matory in mice, as evidenced by excessive neutrophil infiltration, activation of diverse inflammatory 
pathways, and production of various inflammatory cytokines and chemokines [41]. This finding 
could explain the LNPs’ potent adjuvant activity, supporting the induction of robust adaptive 
immune responses [24]. Interestingly, inflammatory responses can be exacerbated on a 
background of pre-existing inflammatory conditions, as was recently shown in a mouse model 
after administration of mRNA-LNPs [42]; this effect was proven to be specific to the LNP, acting 
independently of the mRNA cargo. 


Although chemical modifications in the RNA molecules used in vaccines (detailed earlier) are 
intended to decrease TLR sensing of external single-stranded RNAs (and thus proinflammatory 
signals), there is some evidence that modified uracil residues do not completely abrogate TLR 
detection of the mRNA; also, while efforts are made to reduce double-stranded (ds) RNA produc- 
tion, there may be small amounts of dsRNA that can occasionally get packaged within mRNA 
vaccines [26]. 


In this context, frequent booster immunizations may increase the frequency and/or the severity of 
the reported AEs. 


Vaccine-encoded antigen distribution in the human body and possible interactions 
with human proteins 

Following vaccination, a cell may present the produced S protein (or its subunits/peptide 
fragments) to mobilize immune responses or be abolished by the immune system (e.g., cytotoxic 
T cells) [25]. Consequently, the debris produced, or even the direct secretion (including shedding) 
of the antigen by the transfected cells, may release large amounts of the S protein or its subunits/ 
peptide fragments to the circulation (Figure 1) [19,20]. The anti-SARS-CoV-2 vaccine mRNA- 
containing LNPs are injected into the deltoid muscle and exert an effect in the muscle tissue itself, 
the lymphatic system, and the spleen, but can also localize in the liver and other tissues 
[21 ,22,48,44] from where the S protein or its subunits/peptide fragments may enter the circulation 
and distribute throughout the body. It is worth mentioning that liver localization of LNPs is not a 


© CelPress 


Glossary 


Acute respiratory distress 
syndrome (ARDS): a life-threatening 
condition in which fluid builds up in the 
lungs, interfering with the gas exchange 
function and preventing oxygenation of 
the blood and organs. 

Adverse effect (AE): an undesired 
effect of a medication or clinical 
intervention with potentially harmful 
consequences. 
Angiotensin-converting enzyme 2 
(ACE2): an enzyme involved in the 
homeostatic regulation of circulating 
angiotensin | and angiotensin II levels by 
converting them to angiotensin (1-9) 
and angiotensin (1-7) peptides 
respectively. 

Bell’s palsy: an idiopathic episode of 
facial muscle weakness or paralysis on 
one side of the face. This condition 
results from dysfunction of the seventh 
cranial nerve (the facial nerve). 
Cerebral venous sinus thrombosis: 
arare blood-clotting event that occurs in 
the venous sinuses of the brain and 
prevents blood from draining out of the 
brain. As a result, pressure builds up and 
can lead to swelling and hemorrhage. 
Cytokine storm: a characteristic of 
COVID-19 (or other disease) where 
abnormally high levels of circulating 
cytokines are produced and contribute 
to disease severity. 

Guillain-Barré syndrome: a rare, 
autoimmune neurological disorder in 
which the body's immune system 
erroneously attacks the peripheral 
nerves, causing muscle weakness and, 
if left untreated, paralysis. 

Long COVID-19: a term that refers toa 
range of new, returning, or ongoing 
symptoms that persist beyond the initial 
phase of a SARS-CoV-2 infection. 
Molecular mimicry: the process in 
which an immune response against a 
foreign antigen is inadvertently also 
directed against a self-antigen that 
closely resembles the triggering foreign 
antigen. 

Receptor-binding domain (RBD): the 
part of a binding protein (e.g., in 
SARS-CoV-2 S protein) used to anchor 
the protein to its receptor. 
Renin—angiotensin system (RAS): a 
system that is critical in the physiological 
regulation of (among others) neural, gut, 
cardiovascular, blood pressure, and 
kidney functions, as well as fluid and salt 
balance. It involves the enzyme renin 
which catalyzes the production of 
angiotensin I. 


Trends in Molecular Medicine, Month 2022, Vol. xx, No. xx 3 


©@ CelPress Trends in Molecular Medicine 


universal property of carrier nanoparticles, as specific modifications in their chemistry can retain im- Serological analysis: any analysis 
munogenicity with minimal liver involvement [43,45]. In line with a plausible systemic distribution of the porone wih olpod Serum, usualy 
i , A , focusing on measuring antibody levels. 

antigen, it was found that the S protein circulates in the plasma of the BNT162b2 or MRNA-1273 syncytium: a cell with multiple nuclei 
vaccine recipients as early as day 1 after the first vaccine injection [46]. Reportedly, antigen clearance resulting from multiple fusions of 
is correlated with the production of antigen-specific immunoglobulins or may remain in the circulation —_uninuclear cells. 

i ; ait x Viremia: the detection of replication- 
(e.g., in exosomes) for longer periods [47,48], providing one reasonable explanation (among others) compen: wal nates ine 
for the robust and durable systemic immune responses found in vaccinated recipients [49,50]. There- bloodstream. 
fore, there is likely to be an extensive range of expected interactions between free-floating S protein/ 


subunits/peptide fragments and ACE2 circulating in the blood (or lymph), or ACE2 expressed in cells 


Key figure 


Antigen expression-localization following cell transfection with spike (S) protein mRNA-containing 
lipid nanoparticles (LNPs) used in anti-severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2) mRNA vaccines 
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Figure 1. Following LNP internalization and mRNA release, the authentic viral signal peptide (as in the Pfizer-BioNTech and Moderna vaccines) drives antigen production in 
the lumen of the endoplasmic reticulum (ER) where it adopts its natural transmembrane localization via subunit 2 (S2) anchoring. After sorting in the trans Golgi network 
(TGN), S protein acquires its final position in the transfected human cell membrane, where S1 is exposed to the extracellular space (i.e., may face circulation). Although 
the extent of antigen expression per cell remains unknown, it is reasonable to assume that this process results in rather extended decoration of transfected cells with S 
protein. Furin-mediated proteolytic cleavage (as in SARS-CoV-2-infected cells) in the absence of a mutated S1/S2 furin cleavage site at the TGN may result in shedding 
of cleaved S1 and conversion of S2 into its postfusion structure (S2*). Antigen sorting and trafficking may also induce the release of S protein-containing exosomes. 
The events shown will occur in the apical and/or basolateral surfaces of polarized (e.g., epithelial) cells. The Pfizer-BioNTech and Moderna constructs do not contain a 
mutated S1/S2 furin cleavage site. Further research will clarify the impact of the S1/S2 subunits stabilizing D614G (or other) mutation or of a mutated furin cleavage site 
in antigen distribution, the immunogenicity of the vaccine, and induced adverse events (AEs). Also shown are dendritic cells (professional antigen-presenting cells, 
APCs) engulfing circulating antigens, and antibody-mediated binding of B cells to cell-anchored antigens. 
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Box 2. Other types of COVID-19 vaccine 


In viral vector vaccines, the S protein coding information is delivered via a replication-deficient adenoviral vector system that 
contains an encoding dsDNA. In this case, transcripts from adenoviral vectors are generated in the cell nucleus. Here, a major 
reported AE is immune thromboembolism (including cerebral venous sinus thrombosis) in various organs, probably through 
excessive innate immune system and endothelial activation [138]. Apart from the S protein itself, AEs can be also attributed to 
background expression of remaining adenoviral genes or to persisting adenovirus-vector DNA in a transcriptionally active 
form. Further concerns are the presence of other contaminant proteins, remnants of the vaccine production line, and to 
pre-existing antivector immunity [20]; this last issue does not apply to the recombinant ChAdOx1 -S (Oxford-AstraZeneca) 
vaccine which employs a nonhuman adenovirus vector. More importantly, the infectious cycle of SARS-CoV-2 takes place 
exclusively in the cytoplasm, and thus there has been no evolutionary pressure against the presence of splice donor and 
acceptor sites in its genes. This is a major difference from mRNA vaccines that function in the cytoplasm, since various 
spliced transcripts from adenoviral vectors can be generated in the cell nucleus [56]. 


In protein subunit nanoparticle vaccines (e.g., NVX-CoV2373), the S protein is harvested in a cell culture system, purified, 
and delivered as a trimer via a nanoparticle assembly in an adjuvant. Although preliminary trials indicate that these vaccines 
can trigger robust immunity [139], reports on AEs are still scarce due to the limited amount of vaccination data. 


Finally, in conventional vaccines, the whole virus is inactivated and inoculated using an appropriate adjuvant [26]. A significant 
benefit is that whereas in the previously discussed technologies the S protein is the sole source of immunogenic epitopes, in 
this case a wide repertoire of epitopes in other viral proteins is presented. Possible disadvantages include lower immunoge- 
nicity, production issues, AEs due to used adjuvant(s) (e.g., aluminum hydroxide), as well as issues that relate to incomplete 
inactivation of the virus. Given that these vaccines have not reached mass production, reports on possible AEs do not exist. 


from various tissues/organs (Figure 2) [14-16]. This notion is further supported by the finding that in 
adenovirus-vectored vaccines (Box 2), the S protein produced upon vaccination has the native-like 
mimicry of SARS-CoV-2 S protein’s receptor binding functionality and prefusion structure [51]. 


Additional interactions with human proteins in the circulation, or even the presentation to the im- 
mune system of S protein antigenic epitopes [52] mimicking human proteins (molecular mim- 
icry) may occur [53-56]. Reportedly, some of the near-germline SARS-CoV-2-NAbs against S 
receptor-binding domain (RBD) reacted with mammalian self-antigens [57], and SARS-CoV- 
2 S antagonizes innate antiviral immunity by targeting multiple pathways controlling interferon 
(IFN) production [58]. Also, a sustained elevation in T cell responses to SARS-CoV-2 mRNA vac- 
cines has been found (data not yet peer-reviewed) in patients who suffer from chronic neurologic 
symptoms after acute SARS-CoV-2 infection as compared with healthy COVID-19 convalescents 
[59]. Given the reported (rare) neurological AEs following vaccination, it was suggested that further 
studies are needed to assess whether antibodies against the vaccine-produced antigens can 
cross-react with components of the peripheral nerves [34]. Further concerns include the possible 
development of anti-idiotype antibodies against vaccination-induced antibodies as a means of 
downregulation; anti-idiotype antibodies — apart from binding to the protective neutralizing 
SARS-CoV-2 antibodies — can also mirror the S protein itself and bind ACE2, possibly triggering 
a wide array of AEs [60]. Worth mentioning is a systems vaccinology approach (31 individuals) of 
the BNT162b2 vaccine (two doses) effects, where anticytokine antibodies were largely absent or 
were found at low levels (contrary to findings in acute COVID-19 [61 ,62]), while two individuals 
had anti-interleukin-21 (IL-21) autoantibodies, and two other individuals had anti-IL-1 antibodies 
[63]. In this context, anti-idiotypic antibodies can be particularly enhanced after frequent boosting 
doses that trigger very high titers of immunoglobulins [64]. Frequent boosting doses may also 
become a suboptimal approach as they can imprint serological responses toward the ancestral 
Wuhan-Hu-1 S protein, minimizing protection against novel viral S variants [65,66]. 


The potential interaction at a whole-organism level of the native-like S protein and/or subunits/ 
peptide fragments with soluble or cell-membrane-attached ACE2 (Figure 2) can promote ACE2 
internalization and degradation [67,68]. In support of this, soluble ACE2 induces receptor- 
mediated endocytosis of SARS-CoV-2 via interaction with proteins related to the RAS [69]. 
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Figure 2. Schematic of the vasculature components showing vaccination-produced S protein/subunits/peptide fragments in the circulation, as well as 
soluble or endothelial cell membrane-attached angiotensin-converting enzyme 2 (ACE2). (A,B) Parallel to immune system activation, circulating S protein/ 
subunits/peptide fragments (B) binding to ACE2 may occur not only to ACE2-expressing endothelial cells, but also in multiple cell types of the vasculature and 
surrounding tissues due to antigen diffusion (e.g., in fenestrated or discontinuous capillary beds) (A, red arrows). These series of molecular events are unlikely for any severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-related antigen in the absence of severe coronavirus disease 2019 (COVID-19), where SARS-CoV-2 is contained 
in the respiratory system. In (C) the two counteracting pathways of the renin-angiotensin system (RAS), namely the ‘conventional’ arm, that involves ACE which generates 
angiotensin II (ANG II) from angiotensin | (ANG 1), and the ACE2 arm which hydrolyzes ANG II to generate angiotensin (1-7) [ANG (1-7)] or ANG | to generate angiotensin (1-9) 
[ANG (1-9)] are depicted. ANG II binding and activation of the ANG II type 1 receptor (AT1R) promotes inflammation, fibrotic remodeling, and vasoconstriction, whereas the 
ANG (1-7) and ANG (1-9) peptides binding to MAS receptor (MASR) activate antifibrotic, anti-inflammatory pathways and vasodilation. Additional modules of the RAS 
(i.e., renin and angiotensinogen, AGT) are also shown. Abbreviation: AT1R, angiotensin Il type 1 receptor. 


Prolonged loss or reduced ACE2 activity may result in extensive destabilization of the RAS which 
may then trigger vasoconstriction, enhanced inflammation, and/or thrombosis due to 
unopposed ACE and angiotensin-2 (ANG I!)-mediated effects (Figure 2) [13]. Indeed, decreased 
ACE2 expression and/or activity contributes, among other things, to the development of ANG ll- 
mediated hypertension in mice, indicating vasculature dysfunction [67]. The baseline expression 
levels of ACE2 in endothelial cells, or its induced expression levels upon stimulation from other 
tissue-resident cells, along with the potential of endothelial cells to shed ACE2 to the circulation, 
or their sensitivity to SARS-CoV-2 infection is debatable [70-73]. Nonetheless, even relatively low 
ACE2 expression levels in endothelial cells (e.g., compared to levels in epithelial cells) 
[15,16,70,71], along with the high expression levels of ACE2 in other cell types of the vasculature 
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(e.g., heart fioroblasts/pericytes) [15,74], indicate that the vasculature can be sensitive to free-floating 
S protein or its subunits/peptide fragments (Figure 2). These effect(s), especially in capillary beds, and 
the prolonged antigen presence in the circulation [46-48], along with the systemic excessive immune 
response to the antigen, can then trigger sustained inflammation (discussed later) which can injure the 
endothelium, disrupting its antithrombogenic properties in multiple vascular beds. 


The SARS-CoV-2 S protein-induced effects in mammalian cells or model organisms 
Reportedly, intravenous (i.v.) injection of the S1 subunit in mice results in its localization in endo- 
thelia of mice brain microvessels showing colocalization with ACE2, caspase-3, IL-6, tumor ne- 
crosis factor a (TNF-a), and C5b-9; it was thus suggested that endothelial damage is a central 
part of SARS-CoV-2 pathology which may be induced by the S protein alone [75]. Also, the S1 
subunit (or recombinant S1 RBD) impaired endothelial function via downregulation of ACE2 
[76] and induced degradation of junctional proteins that maintain endothelial barrier integrity in 
a mouse model of brain microvascular endothelial cells or cerebral arteries; this latter effect was 
more enhanced in endothelial cells from diabetic versus normal mice [77]. Similarly, the S1 sub- 
unit decreased microvascular transendothelial resistance and barrier function in cultured 
human pulmonary cells [78]. Further, S protein disrupted human cardiac pericytes function and 
triggered increased production of proapoptotic factors in pericytes, causing endothelial cells 
death [79]. In support of this, administration of the S protein promoted dysfunction of human en- 
dothelial cells as evidenced by, for example, increased expression of the von Willebrand factor 
[80]. Other reports indicate that S1 can directly induce coagulation by competitive binding to 
both soluble and cellular heparan sulfate/heparin (an anticoagulant) [81-84], while cell-free hemo- 
globin, as a hypoxia counterbalance, cannot attenuate disruption of endothelial barrier function, 
oxidative stress, or inflammatory responses in human pulmonary arterial endothelial cells ex- 
posed to S1 [85]. Consistently, S protein binds fibrinogen (a blood coagulation factor), and S pro- 
tein virions have been found to enhance fibrin- mediated microglia activation (data not yet peer- 
reviewed) and induce fibrinogen-dependent lung pathology in mice [86], while S1 binding to 
platelets' ACE2 triggers their aggregation [84]. Interestingly, both the ChAdOx1 (AstraZeneca) 
and BNT162b2 vaccines can elicit antiplatelet factor 4 (anti-PF4) antibody production even in recip- 
ients without clinical manifestation of thrombosis [87]. 


Intriguingly, the S protein increases human cell syncytium formation [88,89], triggering pyroptosis of 
syncytia formed by fusion of S and ACE2-expressing cells [90]. Also, in cells or mouse experimental 
models, it was shown that S removes lipids from model membranes and interferes with the capacity 
of high-density lipoprotein to exchange lipids [91], inhibits DNA damage repair processes [92], and 
induces Snail-mediated epitheliattmesenchymal transition marker changes and lung metastasis in a 
breast cancer mouse model [93]. 


In support of the possibility that there is a wide range of S protein binders, ABy_42 (the 42 amino 
acid form of amyloid B in cerebrospinal fluid) was found to bind with high affinity to the S1 subunit 
and ACE2 [94]. AßB41-42 strengthened the binding of S1 to ACE2 and increased viral entry and 
production of IL-6 in a SARS-CoV-2 pseudovirus infection mouse model. Data from this surro- 
gate mouse model with IV inoculation of AB;_42 showed that the clearance of ABy_42 in the 
blood was dampened in the presence of the extracellular domain of the S protein trimers [94]. 
Given the wide ACE2 expression in human brain [95], a study of particular interest showed that 
\V-injected radioiodinated S1 (I-S1) readily crossed by adsorptive transcytosis the blood-brain 
barrier in male mice, was taken up by brain regions, and entered the parenchymal brain space. 
I-S1 was also taken up by the lung, spleen, kidney, and liver; intranasally administered |-S1 
also entered the brain, although at lower levels than after i.v. administration [96]. Similarly, S1 
was found to disrupt the blood-brain barrier integrity at a 3D blood-brain barrier microfluidic 
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model [97]. In support of this, biodistribution studies of the mMRNA-LNP platform by Moderna in 
Sprague Dawley rats revealed the presence of low levels of mRNA in the brain, indicating that 
the mRNA-LNPs can cross the blood-brain barrier [22]. 


Finally, it was recently reported that human T cells express ACE2 at levels sufficient to interact 
with the S protein [98], while it had been shown previously that SARS-CoV-2 uses CD4 to infect 
T helper lymphocytes, and that S promotes a proinflammatory activation profile on the most 
potent antigen-presenting cells (APCs) (i.e., human dendritic cells) [99]. If these observations 
are confirmed, they may explain a SARS-CoV-2 vaccination-mediated AE, namely, reactivation 
of varicella zoster virus [100,101]. 


S protein-induced proinflammatory responses and unique gene expression 
signatures following vaccination 

Reportedly, S protein (apart from the LNP—mRNA platform discussed earlier) mediates proinflam- 
matory and/or injury (of different etiology) responses in various human cell types [102-104], and 
ACE2-mediated infection of human bronchial epithelial cells with S protein pseudovirions induced 
inflammation and apoptosis [105]. Also, S protein promoted an inflammatory cytokine IL-6/IL-6R- 
induced trans signaling response and alarmin secretion in human endothelial cells, along with 
increased oxidative stress, induction of inflammatory paracrine senescence, and higher levels 
of leucocyte adhesion [106]. Other reports indicate that S protein triggers an inflammatory 
response signature in human corneal epithelial cells [107], increases oxidative stress and DNA 
ds breaks in human peripheral-blood mononuclear cells (PBMCs) postvaccination [108], and 
binds to lipopolysaccharide, boosting its proinflammatory activity [109,110]. Furthermore, S 
protein induces neuroinflammation and caspase-1 activation in BV-2 microglia cells [111] and 
blocks neuronal firing in sensory neurons [112]. The S protein-induced systemic inflammation 
may proceed via TLR2-dependent activation of the nuclear factor KB (NF-KB) pathway [113], 
while structure-based computational models showed that S protein exhibits a high-affinity motif 
for binding T cell receptors (TCRs), and may form a ternary complex with histocompatibility com- 
plex class II molecules; indeed, analysis of the TCR repertoire in COVID-19 patients showed that 
those with severe hyperinflammatory disease exhibit TCR skewing consistent with superantigen 
(S protein) activation [114]. In in vivo mouse models, S protein activated macrophages and 
contributed to induction of acute lung inflammation [1 15], while intratracheal instillation of the 
S1 subunit in transgenic mice overexpressing human ACE2 induced severe COVID-19-like 
acute lung injury and inflammation. These effects were milder in wild-type mice, indicating the 
phenotype dependence on human ACE2 expression [78]. Consistently, the S1 subunit has 
been found to act as a PAMP that, via pattern recognition receptor engagement, induces viral 
infection-independent neuroinflammation in adult rats [116]. 


These observations correlate with the finding of a systemic inflammatory signature after the first 
BNT162b2 vaccination which was accompanied by TNF-a and IL-6 upregulation after the 
second dose [117]; these effects may also relate to a proinflammatory action of the mRNA- 
LNP platform (see earlier). In a thorough systems vaccinology study of the BNT162b2 mRNA 
vaccine effects, younger participants tended to have greater changes in monocyte and inflamma- 
tory modules 1 day after the second dose, whereas older individuals had increased expression of 
B and T cell modules. Moreover, single-cell transcriptomics analysis at the same time point 
revealed the emergence of a unique myeloid cell cluster out of 18 cell clusters identified in total. 
This cell cluster does not represent myeloid-derived suppressor cells, it expressed IFN- 
stimulated genes and was not found in COVID-19 infection; also, it was similar to an epigenetically 
reprogrammed monocyte population found in the blood of donors being vaccinated with two 
doses of an influenza vaccine [63]. Whether epigenetic reprogramming underlies the enhanced 
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Clinician’s corner 


Given the plethora of existing data on 
the available mRNA vaccines, a major 
‘known’ is that in the short-term 
mRNA vaccines are well tolerated by 
the recipient, and that they can induce 
a robust immune response and there- 
fore provide prolonged protection 
against severe COVID-19 (including 
emerging variants of concern); thus, 
vaccination remains a major tool for 
mitigating the COVID-19 pandemic 
and saving thousands of lives. 


It is well established that the risk for 
severe COVID-19 increases with age 
or pre-existing comorbidities. Given 
the ‘unknowns’ discussed herein, 
boosting doses in healthy children and 
even adolescents should be delivered 
only if the benefit—risk profile is clearly 
established. 


Multidisciplinary clinical and basic 
research aiming at understanding the 
cellular—-molecular basis of the COVID- 
19 mRNA vaccine-induced AEs — 
along with active pharmacovigilance 
and long-term recording in the clinical 
setting of reported AEs in vaccinated re- 
cipients — are critical components for im- 
proving vaccines, guaranteeing safety, 
maintaining trust, and directing health 
policies. 


The technology of the mRNA vaccines 
will continue to evolve as it opens up a 
whole new era of novel applications for 
large-scale development of new vac- 
cines against various infectious and 
other diseases, including cancer. 


Trends in Molecular Medicine 


IFN-induced gene response in C8 cells after secondary BNT162b2 vaccination remains to be 
Clarified. Finally, a comparison between the BNT162b2 vaccine-induced gene expression signa- 
tures at day 7 post-prime (d7PP) and post-boost (d7PB) doses and that of other vaccine types 
(e.g., inactivated or live-attenuated vaccines) exhibited weak correlation both between d7PP 
and d7PB as well as with other vaccines [63]. These findings suggest the evolution of novel 
genomic responses after the second dose and, more importantly, the unique biology of mRNA 
vaccines versus other more conventional platforms. Of particular interest is also the report of a 
cytokine release syndrome (CRS) — an extremely rare immune-related AE of immune checkpoint 
inhibitors — post-BTN162b2 vaccination in a patient with colorectal cancer on longstanding anti- 
programmed death 1 (PD-1) monotherapy; the anti-PD1 blockade-mediated CRS was 
evidenced by increased inflammatory markers, thrombocytopenia, elevated cytokine levels, and 
steroid responsiveness [118]. These proinflammatory effects could be particularly pronounced in 
the elderly, since recent data revealed that senescent cells become hyperinflammatory in response 
to the S1 subunit, followed by increased expression of viral entry proteins and reduced antiviral 
gene expression in nonsenescent cells through a paracrine mechanism [119]. 


The need to investigate the molecular basis of vaccination-induced AEs 
Anti-SARS-CoV-2 mRNA vaccines induce durable and robust systemic immunity, and thus their 
contribution in mitigating the COVID-19 pandemic and saving thousands of lives is beyond doubt. 
This technology has several advantages over conventional vaccines [120] and opens a whole 
new era for the development of novel vaccines against various infectious and other diseases, 
including cancer. Based on currently available molecular insights (mostly in cell-based assays 
and model organisms), we hypothesize that the rare AEs reported following vaccination with S 
protein-encoding mRNA vaccines may relate to the nature and binding profile of the systemically 
circulating antigen(s) (Figures 1 and 2), although the contribution of the LNPs and/or the delivered 
mRNA is likely also significant [24,26,41]. Therefore, the possibility of subclinical organ dysfunc- 
tion in vaccinated recipients which could increase the risk, for example, of future (cardio)vascular 
or inflammatory diseases should be thoroughly investigated. Given that severe COVID-19 corre- 
lates with older age, hypertension, diabetes, and/or cardiovascular disease, which all share a 
variable degree of ACE2 signaling deregulation, additional ACE2 downregulation induced by 
vaccination may further amplify an unbalanced RAS. Regarding localization of LNPs in the liver 
and consequent antigen expression, it is worth mentioning that the liver is continuously exposed 
to a multitude of self and foreign antigens and can mount efficient immune responses against 
pathogens as it hosts convectional APCs (e.g., dendritic cells, B cells, and Kupfer cells). Additional 
liver cell types — such as liver sinusoidal endothelial cells, hepatic stellate cells, and hepatocytes — 
also have the capacity to act as APCs [121]. It is plausible, though as yet unproven, that as the 
S protein is produced in liver cells, both conventional and unconventional APCs may prime adap- 
tive but also innate immune responses in the liver’s immunological niche. Despite the liver’s major 
tolerogenic role [122], the sustained expression of S protein-related antigens (Figure 1) can poten- 
tially skew the immune response towards autoimmune-like tissue damage, as in the observed 
cases of autoimmune hepatitis following vaccination [123,124]. It therefore merits further investiga- 
tion whether LNPs can transfect any other nonimmunological body tissues bearing cells that can 
act as unconventional APCs, thus inducing a sustained immune response but also a self- 
response, as in cases of chronic viral infections [125]. 


Concluding remarks 

Although the benefit-risk profile remains strongly in favor of COVID-19 vaccination for the elderly 
and patients with age-related or other underlying diseases, an understanding of the molecular— 
cellular basis of the anti-SARS-CoV-2 mRNA vaccine-induced AEs is critical for the ongoing 
and future vaccination and booster campaigns. In parallel, the prospective pharmacovigilance 
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Outstanding questions 


What are the localization pattern, 
transfection efficacy, and clearance 
rates of the mRNA vaccine LNPs in 
the human body? 


Can we refine LNP chemistry towards 
retaining transfection efficacy and at 
the same time assuring on-demand 
tissue distribution? 


Do the adverse inflammatory reactions 
noted postvaccination also relate - and 
if yes, to what extent — to LNPs and/or 
the mRNA used in mRNA vaccines? 


What are the mechanistic details of 
antigen expression, processing, and 
cellular localization following cell 
transfection with the LNPs? 


What would the impact be of excessive 
‘decoration’ of nonprofessional antigen- 
presenting transfected human 
(e.g., liver) cells with transmembrane S 
protein? 


Does the antigen or related subunits- 
peptide fragments leak into the 
circulation, and if so, in which form, 
at what concentration, and for how 
long? Is there any association with the 
vaccine-mediated immune responses? 


Is the probable binding of the antigen to 
ACE2 in the vasculature accountable for 
the cardiovascular, metabolic, or other 
(e.g., inflammation-related) reported 
AEs? 


Does the antigen cross the blood- 
brain barrier? 


Is there any noteworthy molecular 
mimicry (especially of the major 
antigenic sites) between the S protein 
and the human proteome? 


What is the profile of mucosal immunity 
induced by the mRNA COVID-19 
vaccines? 


It is the case that vaccination-mediated 
immunity (two doses) against the used 
ancestral antigen (Wuhan-Hu-1 S pro- 
tein) wanes over time, or do we simply 
partially lose protection due to evolu- 
tionary leaps of the S protein (e.g., at 
the Omicron variant)? In that case, do 
we really need boosting doses with 
the same antigen? 
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and long-term monitoring (clinical/biochemical) of vaccinated recipients versus matched controls ee me oe mom hon 
P i PR R f 5 P antipo ters, also romote 

should evolve in well-designed clinical trials. Moreover, the use of alternative chemistries for PRSE diversification? p 

LNPs, and of S protein in its closed form (not prone to ACE2 binding) [126], along with the use 

of SARS-CoV-2 nucleocapsid protein or solely the S RDB, may be valuable alternatives for re- What would be the profile of immune 

fined, next-generation mRNA vaccines. Finally, as we essentially do not know for how long and eee ae 

at what concentration the LNPs and the antigen(s) remain in human tissues or the circulation Of = its closed form (a form not prone to 

poor vaccine responders, the elderly, or children (see Outstanding questions), and given the ACE2 binding)? 

fact that cellular immunity likely persists despite reduced in vitro neutralizing titers [28], boosting 

doses should be delivered only where the benefit-risk profile is clearly established. 


Overall, parallel to the ongoing research on the most challenging topics of SARS-CoV-2 biology, 
evolving dynamics and adaptation capacity to human species (i.e., transmission-infection rate 
and disease severity), the basic and clinical research (see Outstanding questions) aiming to 
understand the molecular—cellular basis of the rare AEs of the existing first-generation mRNA 
vaccines should be accelerated as an urgent and vital public health priority. 
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